The diurnal cycle strongly influences many plant metabolic and physiological processes. Arabidopsis thaliana rosettes were harvested six times during 12-h-light/12-h-dark treatments to investigate changes in gene expression using ATH1 arrays. Diagnostic gene sets were identified from published or in-house expression profiles of the response to light, sugar, nitrogen, and water deficit in seedlings and 4 h of darkness or illumination at ambient or compensation point [CO 2 ]. Many sugar-responsive genes showed large diurnal expression changes, whose timing matched that of the diurnal changes of sugars. A set of circadian-regulated genes also showed large diurnal changes in expression. Comparison of published results from a free-running cycle with the diurnal changes in Columbia-0 (Col-0) and the starchless phosphoglucomutase (pgm) mutant indicated that sugars modify the expression of up to half of the clock-regulated genes. Principle component analysis identified genes that make large contributions to diurnal changes and confirmed that sugar and circadian regulation are the major inputs in Col-0 but that sugars dominate the response in pgm. Most of the changes in pgm are triggered by low sugar levels during the night rather than high levels in the light, highlighting the importance of responses to low sugar in diurnal gene regulation. We identified a set of candidate regulatory genes that show robust responses to alterations in sugar levels and change markedly during the diurnal cycle.
INTRODUCTION
Plants are exposed to changing environmental conditions, one of the most dramatic being the daily alternation between light and darkness. These changes of irradiance act via multiple red and blue light receptors to regulate gene expression (Schaffer et al., 2001; Tepperman et al., 2004) and have wide-reaching indirect consequences for many metabolic and physiological processes.
In the light, photosynthetic carbon fixation in leaves supports the synthesis and export of sucrose to the remainder of the plant to support metabolism, storage, and growth. At night, the plant becomes a net consumer of carbon. It is important to buffer against these diurnal fluctuations of the carbon balance. Even a few hours of carbon depletion lead to an inhibition of growth, which is only slowly reversed when carbon becomes available again (Gibon et al., 2004a) . Part of the photosynthate is accumulated in the leaves in the light, usually as starch, and is remobilized to support sucrose synthesis and export at night (Stitt et al., 1987; Geiger and Servaites, 1994; Stitt, 1996; Geiger et al., 2000) . Sugar levels nevertheless undergo marked diurnal changes in leaves (Geiger and Servaites, 1994; Scheible et al., 1997a Scheible et al., , 1997b Matt et al., 2001a Matt et al., , 2001b and nonphotosynthetic sink tissues, such as stems (Kehr et al., 1998) , roots (Scheible et al., 1997a; Gibon et al., 2004a) , and tubers (Geigenberger and Stitt, 2000) .
Fixed carbon and reducing equivalents are required to convert inorganic nitrogen and sulfate into amino acids, nucleotides, and cofactors. Nitrate assimilation is stimulated in the light, resulting in a decrease of nitrate and accumulation of amino acids (Stitt and Krapp, 1999; Matt et al., 2001a Matt et al., , 2001b . These changes are amplified by photorespiration because Gly decarboxylation releases ammonium that must be reassimilated via the GOGAT pathway (Matt et al., 2001b) .
In the light, stomata open to facilitate CO 2 uptake for photosynthesis (Dietrich et al., 2001) . The accompanying increase in transpiration leads to a decrease of the leaf water potential (McDonald and Davies, 1996) . There is a gradual inhibition of leaf expansion as the light period progresses (Schmundt et al., 1998) , which is accentuated at suboptimal water supplies (Kitano, 1993; Salah and Tardieu, 1997; Schurr, 1998) . Changes of the leaf water potential are transmitted by the xylem to the rest of the plant. Potato (Solanum tuberosum) tubers decrease in volume after illumination and recover after darkening (Kehr et al., 1998) .
All eukaryotes and some bacteria possess sophisticated biological clocks, which share common organizational features but differ in their molecular components (Harmer et al., 2001; Schaffer et al., 2001; Schultz and Kay, 2003; Webb, 2003) . The clock plays a major role in the regulation of processes that are linked to daylength, such as floral induction (Hayama and Coupland, 2003) . It also regulates the expression of genes that are involved in metabolism and growth (Harmer et al., 2000; Schaffer et al., 2001) . Transcripts for different sets of genes peak at different times in a free-running 24-h cycle (Harmer et al., 2000 (Harmer et al., , 2001 , leading to the proposal that circadian regulation anticipates diurnal changes. Growth rates are decreased in clock mutants in short days (Green et al., 2002) or when the lengths of the circadian and diurnal cycle differ (Dodd et al., 2005) .
The question arises how irradiance, carbon and nitrogen metabolism, water relations, and the circadian clock interact to regulate metabolism, cellular function, and growth during the diurnal cycle. At this time, global expression profiling provides the most complete readout of the output of signaling pathways. Light (Tepperman et al., 2004; Thum et al., 2004) , sugars (Koch, 1996; Price et al., 2004; Thimm et al., 2004; Thum et al., 2004) , nutrients (Wang et al., 2003; Scheible et al., 2004) , water deficit (Seki et al., 2002; Kawaguchi et al., 2004) , and circadian regulation (Harmer et al., 2000; Schaffer et al., 2001 ) trigger large changes in global gene expression. Using a 7.8K array, Schaffer et al. (2001) estimated that 11% of genes undergo diurnal changes of expression. The following article uses triplicated sampling and analysis with ATH1 arrays to show that >30% of the genes expressed in Arabidopsis thaliana rosettes undergo diurnal changes of expression, identifies which genes and functional areas are most strongly affected, and explores strategies to identify and visualize the contributions of different inputs to this complex multifactorial response.
RESULTS

Characterization of Metabolism during the Diurnal Cycle in Wild-Type Arabidopsis in a 12-h-Light/12-h-Dark Cycle
Rosettes were harvested from 5-week-old Columbia-0 (Col-0) growing in a 12-h-light/12-h-dark cycle after 4, 8, and 12 h of illumination and 4, 8, and 12 h of darkness. Figure 1 shows typical responses of metabolites (data for phosphoglucomutase [pgm] are considered later). Sucrose ( Figure 1A ) and reducing sugars (Figures 1B and 1C) rise in the light and fall during the night. Starch ( Figure 1D ) accumulates in the light and is almost fully remobilized by the end of the night, as is typical in rapidly growing plants (Fondy and Geiger, 1985; Stitt et al., 1987; Geiger and Servaites, 1994; Matt et al., 1998; Zeeman et al., 1998) . The slight decline of glucose-6-phosphate ( Figure 1E ) at the end of the night is consistent with an impending carbohydrate shortage. This metabolite drops strongly within 2 h when the night is extended (data not shown). Nitrate was high and stable in these growth conditions ( Figure 1F ), amino acids ( Figure 1G ) rise during the day and decrease at night, and protein ( Figure 1H ) did not change.
Global Changes of Gene Expression during the Diurnal Cycle
Three independent experiments performed over a period of 12 months were analyzed with ATH1 arrays. The raw data (CEL files) were processed with Robust Multiarray Analysis (RMA) software (Bolstad et al., 2003) . The data are provided in Supplemental Table 1 online. Depending on the experiment, 33 to 38% of the genes were called ''absent'' at all six time points by Affymetrix microarray suite software (MAS version 5.0) software (see Supplemental Tables 1 and 2 online) . Reproducibility between the three biological replicates was assessed by comparing signals for the remaining 13,690 genes at each of the six time points in three pair-wise plots. The correlation coefficients of these 18 plots were between 0.976 and 0.992 (see Supplemental  Table 3 online). For each gene, the average signal at each time point was estimated and used to calculate the amplitude of the diurnal change (defined as the log 2 -scaled ratio of the maximum to the minimum signal; see Supplemental Table 1 online). The amplitude exceeded 0.25, 0.5, 0.8, 1, and 2 for 9255, 6755, 3590, 2464, and 542 genes. This is equivalent to 68, 49, 26, 18 , and 4% of the expressed genes or 41, 30, 16, 11, and 2.4% of the genes on the array (Table 1) . Application of three statistical methods (Table 1 , see Methods for details; see Supplemental Table 1 online for individual genes) revealed that most are bona fide diurnal changes, especially when the amplitude is >0.8. At least 30% and possibly up to half of the genes expressed in wild-type rosettes undergo diurnal changes. Table 2 shows the proportion of genes in different functional classes that exhibit diurnal changes with a maximum/minimum log ratio >0.8, >1, or >2. Functional classes where the frequency of diurnal changes was more than twofold higher or lower than the average response are indicated by bold and italic type, respectively. The classification uses groups defined in MapMan ; http://gabi.rzpd.de/projects/MapMan/). Two files (see Supplemental Tables 4 and 5 online) were also generated to display the amplitude of the diurnal change and the timing of the maximum on a gene-for-gene basis in the visualization tool MapMan Usadel et al., 2005 ; for web-based and downloadable versions, see http:// gabi.rzpd.de/projects/MapMan/). Figure 2 shows one example, and more screenshots are available in Supplemental Figure 2 online.
Classes of Genes Showing Diurnal Rhythms
Diurnal changes are especially frequent for genes assigned to starch and sucrose metabolism, trehalose metabolism, nutrient uptake, and assimilation and redox regulation and affect other sectors of metabolism, including glycolysis, gluconeogenesis, the tricarboxylic acid cycle, amino acid, lipid, nucleotide, secondary, and polyamine metabolism, photosynthesis, and tetrapyrrole synthesis (Table 2, Figure 2A ). Although a lower proportion of genes assigned to regulation and development was affected, large changes were found for individual genes assigned to cell wall modification, abscisic acid (ABA) and ethylene metabolism and sensing, specific protein kinases, phosphatases, and proteases, a very large proportion of the CONSTANS, MYB-related, and pseudoresponse regulator (APRR) transcription factor families and, to a lesser extent, the AP2-EREBP, MYB, bZIP, and AUX-IAA transcription factor families (see supplemental data online). When only large diurnal changes are considered, the bias to starch and sucrose 2 of 25
The Plant Cell Wild-type Col-0 and pgm were grown in a 12-h-light/12-h-dark cycle as described in Methods. The whole rosette was harvested at the end of the night, 4, 8, and 12 h into the light period, and 4 and 8 h into the dark period. The results are given as the mean 6 SD (n ¼ 5 independent samples, each consisting of three rosettes). The results of one typical experiment from three biological replicates conducted at 2-month intervals are shown. FW, fresh weight.
Sugars in Diurnal Gene Expression 3 of 25 metabolism becomes even more marked and the frequency remains high for nitrogen and sulfate metabolism and rises for tetrapyrrole synthesis, minor carbohydrate metabolism, gluconeogenesis, redox regulation, and hormone synthesis/sensing (Table 2) .
Temporal Distribution of the Changes in Gene Expression
Figure 3 groups genes according to the timing of their diurnal changes. Many genes peaked at the end of the night and were lowest at the end of the light period or early in the night. Another large group peaked during or at the end of the light period and was lowest at the end of the night. This differs from the distribution during a free-running circadian cycle (Harmer et al., 2000 ; see below for further discussion). Transcripts for low-sugar-induced genes such as ASN1 and GDH1 (Koch, 1996; Thimm et al., 2004) peak at the end of the night, indicating that the rosette is becoming carbon depleted. Transcripts for several genes assigned to trehalose metabolism peak at the end of the night. This may also represent an early response to sugar depletion, as these transcripts rise steeply when the night is extended and decrease after sugar addition (Price et al., 2004 ; see also below). Genes required for photosynthesis peak preferentially at the end of the night or the start of the light period, for nitrate and sulfate uptake and nitrate assimilation at the end of the night (see also Stitt and Krapp, 1999) , for sucrose synthesis during the light period, and for organic acid synthesis (these are needed for the use of fixed nitrogen; see Scheible et al., 2000) during the light period. As already reported (Smith et al., 2004) , many genes involved in starch degradation peak at the end of the day, but others peak at the end of the night. Coordinated changes of genes assigned to other areas of metabolism, including mitochondrial electron transport and lipid and secondary metabolism, are noted in the supplemental data online. A subset of genes that might be involved in extension growth (cell wall modifying and degrading enzymes, two tonoplast intrinsic proteins, and many of the genes annotated as plasmalemma intrinsic proteins) peak toward the end of the night, whereas a subset of the genes involved in DNA synthesis (in particular histones), cell division, and cell cycle regulation peak during or at the end of the light period (see below for more data). Several cytokinin response regulators and a large set of auxin-regulated genes peak toward the end of the night, while several genes involved in ABA synthesis and sensing peak in the light period.
To identify the inputs driving these complex diurnal changes, published and in-house expression profiles were inspected to identify subsets of diagnostic genes whose expression is particularly responsive to sugars, light, nitrogen, water status, or the circadian clock. For each subset, we asked whether the diurnal changes of transcripts match those predicted from the diurnal changes of the input.
Comparison of the Diurnal Expression Pattern of Sets of Sugar-Responsive Genes with the Changes of Sugars
Two approaches were used to identify sugar-responsive genes. One investigated the response after adding sugars to carbonstarved seedlings. Seedlings were grown in liquid culture in full nutrient medium with sucrose and weak continuous light for 7 d (see Scheible et al., 2004) , transferred to zero sugar for 2 d to deplete carbohydrates, and then resupplied with exogenous glucose for 3 h. The 200 genes that showed the largest induction and the 200 genes that showed the largest repression (see Supplemental Table 6 online) were termed glucose-responsive genes. An analogous experiment was analyzed to compile a set of sucrose-responsive genes (see Supplemental Table 6 online). The second approach involved a study of the response to endogenous changes of sugars. Five-week-old wild-type Col-0 was illuminated for 4 h in the presence of ambient or <50 ppm The data for three biological replicates were analyzed. All 13,690 genes were included that were called present at one or more of the six time points in every biological replicate. The genes are grouped horizontally according to the amplitude of the apparent diurnal change. Three different statistical tests were applied: (1) a t test on the triplicate values at the time points where the average signals were highest and lowest using log-normalized values and a false discovery rate (FDR)-controlled P-value cutoff of >0.05, (2) the average correlation coefficients of three pair-wise plots of the signal at all six sampling times with a cutoff for the average correlation coefficient (cc) of <0.5, and (3) the occurrence of a reproducible sinusoidal curve detected using GeneTS with an FDR-controlled P-value cutoff of >0.1. The number of genes identified as showing significant diurnal changes by at least two tests and all three tests is also listed.
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The Plant Cell [CO 2 ]. The latter is close to compensation point, so there is no net photosynthesis, and sugar levels resemble those in the dark (see legend to Figure 4 ). The results of two biological replicates are available in Supplemental Table 7 online. There is relatively good agreement between the global responses to carbon fixation in 5-week-old rosettes and glucose addition in seedlings (Figure 4 Subsets of genes that show increasingly large diurnal changes in transcript levels were identified by filtering out all genes called ''absent'' at all six time points and all genes where the average correlation coefficient between three pair-wise comparisons of the biological triplicates was <0.5 and then applying three increasingly stringent filters of a diurnal change with a maximum:minimum ratio of >0.8, >1, or >2 on a log 2 scale. The genes were grouped using the functional categories defined in MapMan version 1.4 Sugars are high in the light and fall at night (Figure 1 ). We reasoned that if these changes contribute to the diurnal regulation of expression, genes that are induced by sugars should peak in the light and genes that are repressed should peak at night. The diurnal responses of the 200 glucoserepressed ( Figure 5A ) and 200 glucose-induced genes ( Figure  5B ) were k-means clustered into seven groups and visually inspected. Many showed the predicted response. The data were condensed by subjectively grouping the clusters into four classes (Table 3 ) corresponding to (1) genes that show large or (2) small changes that are consistent with the expected response, (3) genes that do not show a detectable diurnal change, and (4) genes that show an inconsistent response. For example, for glucose-repressed genes, these classes correspond to clusters where genes are (1) strongly or (2) weakly repressed during the night and induced during the day, (3) do not show diurnal changes, or (4) are induced during the night and repressed during the day. Two-thirds of the glucose-responsive genes show a diurnal response consistent with sugars contributing to the diurnal regulation of gene expression, 30% did not show a diurnal change (see below for further discussion), and 4% showed a contrary response.
An analogous procedure was applied to a set of glucoseresponsive genes extracted from Price et al. (2004) , the sucroseresponsive genes, and the carbon dioxide-responsive genes (the clusters are shown in Supplemental Figure 3 online). For the sucrose-responsive genes, >40% gave a response consistent with sugars contributing to diurnal regulation, half showed no marked diurnal changes, and 4% gave a contrary response (Table 3) . For the carbon fixation-responsive genes, two-thirds gave a response consistent with sugars contributing to diurnal regulation, 31% showed no marked diurnal changes, and 3% gave a contrary response (Table 3) .
Diurnal Changes of Transcripts for Sugar-Regulated Genes Are Accentuated in the Starchless pgm Mutant
To provide genetic evidence that sugars contribute to the diurnal regulation of gene expression, the studies were extended to the starchless pgm mutant (Caspar et al., 1985) . In this mutant, sugars are very high during the day and very low at night ( Figure  1 ; see also Caspar et al., 1985; Gibon et al., 2004b) , whereas the irradiance regime and the diurnal changes of nitrate and amino acids are unaltered ( Figure 1 ). Genes whose diurnal changes of expression are driven by sugars should show an accentuated response in pgm.
Expression profiling was performed with two biological replicates at the end of the light period and the night (correlation coefficients were 0.989 and 0.985, respectively) and without replication at four other times. The original data are provided in Supplemental Table 1 online. In total, >4000 genes showed a more than twofold larger diurnal change in pgm than in Col-0. Increased amplitudes were found in almost all sectors of metabolism (cf. Figures 2A and 2B ), cell cycle, cell division, RNA synthesis and processing, amino acid activation, and protein The results are averaged for three biological replicates. The plots show the results for 3590 genes that have a maximum:minimum ratio >0.8 (A) and 456 genes that have a maximum:minimum ratio >2 (B) on a log 2 scale. All genes for which the average correlation coefficient for three pair-wise comparisons of the three biological replicates was <0.5 were omitted. The data sets for Col-0 and pgm were combined and clusters generated for glucose-repressed and -induced genes (Figures 6A and 6B) and carbon fixation-induced and -repressed ( Figures  6C and 6D ) genes. More than 70% (285) of the glucoseresponsive genes showed a response consistent with sugars contributing to their diurnal regulation in Col-0 (Figures 6A and 6B, Table 3 ), slightly more than when Col-0 data are clustered on their own (see Figures 5A and 5B) because additional genes are recruited due to the larger diurnal changes of sugars in pgm. Almost all (265) of these 285 genes showed a larger diurnal change in pgm than in Col-0. Another 57 genes did not change in Col-0 but changed in pgm in a manner matching the response expected from the larger diurnal changes of sugars. Only a few genes did not show a diurnal change in pgm (33) or showed a diurnal change that was inconsistent (25) with it being due to changes in the sugar levels. Analysis of the set of sucroseresponsive genes (Table 3) confirmed that the contribution of sugars to the diurnal changes of gene expression increases in pgm. An even more striking result was obtained for carbon fixation-responsive genes (see Figures 6C and 6D for the clusters), where every gene responded in pgm in a manner consistent with them being regulated by sugar (Table 3) .
The 400 glucose-responsive genes were ranked according to the extent of the change after adding glucose to seedlings. With few exceptions, genes that show the largest changes in expression after adding glucose to seedlings show the largest diurnal changes in pgm ( Figure 7A ). A similar result was obtained for the carbon fixation-responsive genes ( Figure 7B ). This trend was apparent although less clear-cut in Col-0.
The Accentuated Diurnal Changes in pgm Are Mainly Due to the Lower Sugar Levels at Night Figure 8 shows whether the exaggerated diurnal changes of transcripts in pgm are due to the higher levels of sugars in the light or the lower levels of sugars at night. Each subpanel shows The glucose-responsive genes were identified from an experiment in which 7-d-old Arabidopsis seedlings growing in liquid culture in full nutrient medium under weak continuous light were subjected to carbon starvation for 2 d, before adding 100 mM glucose for 3 h, and correspond to the 200 genes that show the largest repression and the 200 genes that show the largest induction. The genes are listed in Supplemental Table 6 online. The genes in the two sets were k-means clustered based on their diurnal response. For each gene, clustering was performed on the log 2 -transformed average values at each of the six times during the diurnal, normalized to the average level in the diurnal cycle. The 24-h point of time was copied from time 0. The number of genes in each cluster is given in each panel. The day/night cycle is indicated at the top of the first panel by a white (day) and a gray (night) bar.
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The Plant Cell a different time during the diurnal cycle, the y axis shows transcript levels for 22,746 genes in pgm relative to Col-0, and the x axis shows how expression of each gene responds to sugar. This plot uses the difference between 4-h illumination in the presence of ambient and 50 ppm [CO 2 ] (similar results were obtained using the response to glucose addition; data not shown). In the dark ( Figures 8D to 8F ), many genes show large differences in their transcript levels between pgm and Col-0, and the direction and extent of the change correlates with the response of the gene to carbon fixation. In the light (Figures 8A to 8C), there is no consistent change of transcript levels in pgm, even though sugars are 10-fold higher than in Col-0. These results indicate that the large diurnal changes of expression in pgm are mainly triggered by the low levels of sugar at night. A similar conclusion was reached after calculating the average levels of transcripts across the entire diurnal cycle: these fell for genes that were induced by sugars and rose for genes that were repressed by sugars, as expected if the changed gene expression in pgm is driven by the low sugar levels in the night (see Supplemental Figure 4 online).
Further support for this conclusion is provided by inspection of Figures 6A to 6D . Almost all genes in the subsets ''induced by glucose addition'' and ''induced by carbon fixation'' are more strongly repressed at night in pgm than Col-0, and many genes in the subsets ''repressed by glucose addition'' and ''repressed by carbon fixation'' are more strongly or more rapidly induced in the night in pgm than Col-0. Several clusters from the subsets ''repressed by glucose addition'' and ''repressed by carbon fixation'' show decreased expression in the light in pgm compared with Col-0, revealing that some highly sugar-responsive genes are repressed by the high sugars in the light.
Investigation of the Diurnal Expression Pattern of Light-Responsive Genes
Two sets of genes were used to investigate whether changes in irradiance contribute directly to the diurnal regulation of gene expression. The public resource AtGenExpress (http://web.unifrankfurt.de/fb15/botanik/mcb/AFGN/atgenextable3.htm, treatments 2 and 16) was used to identify the 200 most strongly induced and 200 most strongly repressed genes (see Supplemental Table 6 online) after illuminating dark-grown seedlings with weak white light for 4 h. These genes (termed photomorphogenesis responsive) were clustered (see Supplemental Figure 3 online) and grouped, assuming that transcripts of light-induced genes should increase in the light and decrease at night and lightrepressed genes should show the opposite response (Table 3) . Half did not show a marked diurnal change, and the remainder fell into two roughly equal groups whose responses were weakly consistent with or inconsistent with that expected if signaling pathways that play a predominant role in seedling photomorphogenesis contribute to diurnal changes of gene expression in mature plants.
Light signaling in light-grown plants may differ from that during photomorphogenesis. A second set of light-responsive genes was identified by comparing rosettes that were illuminated for 4 h , from dark-grown seedlings 4 h after exposure to weak white light (AtGenExpress), from 5-week-old plants exposed to low (<50 ppm) [CO 2 ] under 4 h of illumination or 4 h of prolonged darkness, 30 min and 3 h after adding 3 mM nitrate to 9-d-old seedlings that had been depleted of nitrogen for the previous 2 d (Scheible et al., 2004) , and 3 h after adding 100 mM mannitol to 9-d-old seedlings (W.-R. Scheible, unpublished data). The lists of genes and responses are provided in Supplemental Table 6 online. The diurnal changes of the eight sets of 200 induced genes and the eight sets of 200 repressed genes were subjected to k-means clustering (see Figures 5A and 5B for the glucose-responsive genes and Supplemental Figure  3 online for the genes responsive to sucrose, carbon fixation, photomorphogenesis, light, nitrogen, and mannitol). They were compared with the diurnal changes of glucose and sucrose (Figure 1) , light, nitrate, and amino acids (Figure 1 ), and water deficit (it was assumed that the water deficit increases in the light) to identify clusters where the diurnal change was in good or weak agreement with the physiological input contributing to the diurnal change in expression, clusters where there was no diurnal change, and clusters where the diurnal changes were opposed to those expected if that particular physiological input were contributing to the diurnal changes in gene expression. The average value for the signal at each time point was used to generate the clusters (Figures 5 and 6 ; see supplemental data online), which are the basis of the calculations for this table.
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The Plant Cell at <50 ppm [CO 2 ] (this is compensation point and prevents the light-dependent increase of sugars; see above) with rosettes after a 4 h extension of the night. The experiment was repeated twice. The data are available in Supplemental Table 7 online. The 200 genes that showed the largest induction and the 200 genes that showed the largest repression after illumination at compensation point [CO 2 ] (termed light-responsive genes) are listed in the Supplemental Tables 7 and 8 online. In Col-0, 40% of the light-responsive genes did not show a marked diurnal change, and 43 and 17% showed a change consistent and inconsistent with light acting as an input. In pgm, a higher proportion (54%) of the genes showed changes consistent with light being an input. As the light regime was unaltered, this is presumably because these genes respond to sugars.
Comparison of the Diurnal Expression Pattern of Nitrogen-Responsive Genes with the Changes in Nitrogen Metabolites
Two sets of nitrogen-responsive genes were identified from experiments in which 3 mM nitrate was provided to 9-d-old seedlings that had been depleted of nitrogen for 2 d (Scheible et al., 2004 ; see Supplemental Table 6 online for lists of the genes). The first set contains 200 genes that are strongly induced and 200 genes that are strongly repressed 30 min after adding nitrate. As there are negligible changes of amino acids at this time, many will be responding to nitrate (Scheible et al., 2004) . These genes were clustered (see Supplemental Figure 3 online) and grouped ( Table  3 ), assuming that physiologically available nitrate is highest at the end of the night (see Stitt and Krapp, 1999) . The second set contained 400 genes that show large changes 3 h after adding nitrate, by which time there are large changes of amino acids (Scheible et al., 2004) . These genes were clustered and grouped based on the measurements showing that amino acids peak at the end of the light period ( Figure 1 ). The diurnal response did not show a bias toward the expected response for either set of genes (see Supplemental Figures 3 and 5 online for the clusters and  Table 3 for a summary of the responses). These results do not exclude the possibility of a contribution of nitrogen to the diurnal regulation of a small number of genes.
Investigation of the Diurnal Expression Pattern of Water Deficit-Responsive Genes with the Changes in Sugars
A set of mild water stress-responsive genes was identified by treating 9-d-old seedlings with 100 mM mannitol for 3 h. A list of the 200 induced and 200 repressed genes is given in Supplemental Table 6 online. Mannitol induced one isoform of sucrose phosphate synthase and a set of genes involved in ABA sensing and repressed a large set of xyloglucan endotransglycosylases, other cell wall modifying enzymes, and cell wall degrading enzymes. The diurnal responses were clustered (see Supplemental Figures 3 and 5 online) and grouped assuming that leaf water deficit increases in the light (see Introduction). Of the genes that were induced by mannitol, >50% peaked and only 5% showed a minimum during the light period. Of the genes that were repressed by mannitol, >50% were repressed and only 5% were induced during the light period (Table 3) . These results indicate that changes of water deficit contribute to the global changes of gene expression during the diurnal cycle.
Investigation of the Diurnal Expression Pattern of Circadian-Regulated Genes
Harmer et al. (2000) found that 6% of the genes on the 7.8K Affymetrix array are subject to circadian regulation when plants entrained to a 12-h-light/dark cycle are transferred to a freerunning cycle. The 22K ATH1 array contains 373 unique probe sets for these genes (see Supplemental Table 11 online). As this set of genes is larger than the others, 20 k-means clusters were generated from their diurnal changes in a combined data set for Col-0 and pgm ( Figure 9A ). There was a clear bias toward large diurnal changes of transcripts (see also Figure 11G ). In Col-0, 26% showed a marked, 40% showed a small, and 32% a weak or negligible diurnal change ( Figure 9A) . A similar proportion of the circadian-regulated genes showed diurnal changes in pgm. Some circadian-regulated genes showed modified responses in pgm ( Figure 9A ; see below for discussion). We also observed a clear shift of the peaking time for circadian genes in the diurnal rhythm when compared with the free-running cycle (Figure 10 ; see below for discussion).
Quantitative Comparison of the Amplitudes of the Diurnal
Changes of Sugar-, Nitrogen-, Light-, Water Deficit-, and Circadian-Regulated Genes
In Figure 11 , the amplitudes of the diurnal changes of the sets of glucose-( Figure 11A ), carbon fixation-( Figure 11B ), light-( Figure  11C ), nitrogen status-( Figures 11D and 11E ), water stress-( Figure 11F ), and circadian-responsive ( Figure 11G ) genes are compared with those of the 13,690 genes that are called present at one or more time points in Col-0. Genes with a diurnal response that was inconsistent with a contribution of the proposed input (see Table 3 ) are excluded from these plots. Glucose-responsive and carbon dioxide fixation-responsive genes show a clear bias to large diurnal changes. Similar results (see Supplemental Figure 7 online) were obtained for 400 Glucose-responsive genes were identified, and the corresponding transcript data for a combined data set, including all diurnal time points for wild-type Col-0 and pgm, were subjected to k-clustering as in Figure 9 . The day/night cycle is exemplarily indicated at the top of the first panel by a white (day) and a gray (night) bar. 
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The Plant Cell sucrose-responsive genes. Circadian-regulated genes also show a clear bias to large diurnal changes. The responses of light-responsive and especially the nitrogen-and water deficitresponsive genes show a smaller shift. This plot may still overestimate the contribution from these inputs. Many genes in these sets have already been removed because they responded in a manner inconsistent with the input contributing to their diurnal response (see Table 2 ), and some of the genes in the diagnostic subsets also respond to sugars or circadian regulation (see Supplemental Tables 8 and 12 online). The response in pgm is shown in Figures 11H to 11N . Almost all glucose-and carbon fixation-responsive genes show strongly accentuated diurnal changes, and many circadian-regulated genes still show large changes, whereas there is only a small shift for the nitrogen-, light-, and water deficit-responsive genes. These results show that sugars and circadian inputs make major contributions to the diurnal regulation of expression in Col-0 and that this contribution increases in pgm.
Principle Component Analysis Confirms a Major Role for Sugars in the Diurnal Regulation of Gene Expression
The data analysis in Table 3 and Figures 5 to 11 requires assumptions about the timing of the physiological and environmental inputs. An alternative unbiased approach is taken in Figures 12 and 13 . Principle component analysis of the 18 ATH1 arrays separated them into six groups, which correspond to the six harvest times during the diurnal cycle ( Figures 12A and 12B ). The first two components captured >60% of the total variation (see below). The weightings (eigenvectors) of individual genes in the principle components reflect their contribution to the total variation during the diurnal cycle. The different panels of Figure 13 show the weightings of members of the sets of glucose-, carbon fixation-, light-, nitrogen-, water deficit-, and circadian-responsive genes in the first (x axis) and second (y axis) components. Genes that are induced and repressed by a given input are colored blue and red, respectively. If an input The 200 genes that were most strongly repressed (left side) or induced (right side) after adding 100 mM glucose to carbon-starved seedlings were ranked according to the size of the change in expression (A). The same approach was used for carbon fixation-responsive genes (B). The changes in expression at six time points during the diurnal cycle in wild-type Col-0 (left points) and pgm (right points) are shown on a false color scale. For Col-0, each data point is the average of three biological replicates, whereas for pgm, the data points are the average of duplicates at the end of the night and the end of the day and single determinations at the other four time points. These signals were normalized to the average level in the diurnal cycle in the respective genotype. 14 of 25 The Plant Cell makes a large contribution to a component, the genes it affects will have high and opposite weightings for the genes that it induces and represses (i.e., they will be separated in opposite directions along the axis on which the component is displayed). In the case of circadian regulation, genes that peak at different times during the free-running cycle are distinguished by six different colors. In Col-0, the first component accounted for 40% of the variation. It separated samples harvested toward the end of the night from samples harvested at the end of light period ( Figure 12A, x axis) , when there are differences in the levels of sugars, amino acids (Figure 1) , and water deficit (see Introduction). It did not separate samples harvested 4 h into the light from samples harvested 4 h into the night. The weightings of genes in this component are shown on the x axis in Figures  13A to 13E . Most glucose-induced genes had large and opposite weightings to glucose-repressed genes ( Figure  13A) . A similar picture is found for carbon fixation-induced (A) K-means clustering of the responses of 373 circadian genes (taken from Harmer et al., 2000) during a diurnal cycle in wild-type Col-0 (left part of the panels) and pgm (right parts of the panels). The day/night cycle is exemplarily indicated at the top of the first panel by a white (day) and a gray (night) bar. Black boxed panels (clusters 2, 3, 6, 7, 12, 13, and 20) contain circadian genes that behave differently in wild-type and pgm mutant plants. When compared with the results of the glucose starvation-readdition experiment, genes from panels 2, 6, and 7 are induced under low sugar and repressed under sugar starvation, whereas genes from panels 3 and 14 are induced by high sugar and repressed under low sugar. (A) Peaking times of 373 circadian clock regulated genes in a free-running circadian cycle (Harmer et al., 2000) and in the diurnal cycle in wild-type Col-0 extracted from the mean of the three biological replicates. (B) Phase shift of the circadian peaking time (CT) into the diurnal time (x axis) in wild-type Col-0 and the corresponding sugar response (y axis) in a seedling culture after adding 15 mM glucose to carbon-starved seedlings. The phase shift is shown for CT8 and CT20 and for the remaining times in Supplemental Figure 6 online. The results are taken from Figure 6 for glucose-and carbon fixation-responsive genes, from the corresponding data for sucrose, light, photomorphogenetic light, nitrogen, and water deficit in the supplemental data online, and from Figure 9 for circadian-regulated genes.
Sugars in Diurnal Gene Expression
and -repressed genes ( Figure 13B ). There was very poor separation of genes that are induced and repressed by light ( Figure 13C ), nitrogen ( Figure 13D ), or water deficit ( Figure  13E ). Many circadian-regulated genes show a high weighting, with a good separation of genes that peak at the end of the subjective light and dark periods in a free-running circadian cycle ( Figure 13F ).
The second component ( Figure 12A , y axis) accounted for 19% of the variation. It separated samples harvested 4 h into the light from samples harvested 4 h into the dark period but did not separate samples collected at the end of the day from samples collected at the end of the night. The weightings of genes are shown on the y axis in Figures 13A to 13F . Circadian-regulated genes show a different pattern to the first component, with a particularly clear separation of genes that peak in the first part of the subjective day and the night in a free-running circadian cycle ( Figure 13F) . A small proportion of the light-induced and -repressed genes was separated ( Figure 13C ), but there was no separation of genes that are induced and repressed by glucose, carbon fixation, nitrogen, or water deficit ( Figures 13A, 13B, 13D, and 13E ). (A) Separation of Col-0 samples by the first and second components. These are shown on the x and y axes and account for 40 and 19% of the total variation, respectively. Each biological replicate is shown separately. The data set contains triplicate samples for all six time points in the Col-0 diurnal cycle and includes 13,690 genes that were called present for at least one time point in each biological replicate. Circles, boxes, and triangles indicate time points at 4, 8, and 12 h into the light (open items) and dark (closed items) periods, respectively. (B) Separation of a combined data set for wild-type Col-0 and pgm by the first and second components. These are shown on the x and y axes and account for 42 and 18% of the total variation, respectively. The data set contains triplicate samples for all six time points in the Col-0 diurnal cycle, duplicate samples for the end of the night and end of the dark period in pgm, and single samples for other four time points in pgm and includes 16,559 genes that were called present for at least one time point in one genotype. Circles, boxes, and triangles indicate time points at 4, 8, and 12 h into the light (open items) and dark (closed items) periods, respectively. Symbols for pgm contain a dot. The same procedure was taken for a data set that combines Col-0 and pgm. Samples from pgm group close to Col-0 at the end of the light period but are clearly separated at the end of the night ( Figure 12B ) when (see Gibon et al., 2004a ) they resemble Col-0 after an extension of the dark period. The first component (x axis, 42% of the variation) separated samples in the following order: Col-0 at the end of the light period and pgm in or at the end of the day, Col-0 during the day or night, and Col-0 at the end of the night and pgm in the second part of the night. This mirrors their sugar content but not the amino acid content or water deficit (see Figure  1 and Introduction). Glucose-induced and -repressed genes and carbon fixation-induced and -repressed are separated in the first component even better than for Col-0 on its own (cf. Figures 13A,  13B, 13G, and 13H) . Genes that are induced or repressed by light, nitrogen, or water stress are not separated ( Figures 13I to 13K) , and the weightings of circadian-regulated genes are decreased ( Figure 13L ). There is a striking correlation between the weighting of genes in the first component for this combined data set and the changes of gene expression after adding glucose to carbonstarved seedlings or increasing [CO 2 ] from 50 ppm to ambient levels ( Figures 12C and 12D ). The second component of the combined data set (accounting for 18% of the variation) separated some genes that are induced or repressed by light ( Figure 13I ), nitrogen ( Figure 13J ), and water deficit ( Figure 13K ) and has a high weighting for many circadian-regulated genes ( Figure 13L) . A regression plot reveals a correlation between the second component of the combined data set and the first component when Col-0 is analyzed on its own ( Figure 12E ). The genes in the subsets of 200 glucose-, carbon fixation-, light-, nitrogen-(3 h), and water deficit-induced and 200 glucose-, carbon fixation-, light-, nitrogen-(3 h), and water deficit-repressed genes (see Supplemental Table 6 online) and the 373 circadian-regulated genes (see Supplemental Table 11 . Each gene is shown as a point, and its weightings in the first and second components by its position along the x axis and y axis, respectively. As a weighting can be positive or negative, the axes intersect in the center of the plot. For genes responsive to glucose, carbon fixation, light, nitrogen, and water deficit, different colors were used to distinguish between induced (blue) and repressed (red) genes. Induced genes are plotted over the repressed genes, with the result that the data for repressed genes is obscured when they are located in an area that has a high density of induced genes. Similar results were obtained by plotting all genes that showed a more than twofold change to each of these inputs (see Supplemental Figure 9 online). Circadian-regulated genes are shown in color according to the phase when they peak in the diurnal cycle. Gray, magenta, and dark blue indicate peak phases of 4, 8, and 12 h in the dark, while yellow, orange, and red indicate the peaking in 4, 8, and 12 h of light. The average value for the signal at each time point was used for the clusters shown in Figures 5 and 7 and the supplemental data online, which are the basis of the calculations for this figure. 
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This unbiased analysis confirms that sugars play a major role in the diurnal regulation of gene expression in Col-0, which is balanced and integrated with other inputs, including circadian regulation, light, water deficit, and nitrogen. In pgm, sugars take over the dominant role in the global expression of gene expression, displacing the other inputs into the second component. Identical results were obtained when all genes that changed by more than twofold in response to a particular input were visualized (see Supplemental Figure 9 online). Information about the weightings of individual genes is available in Supplemental Table 1 and Supplemental Figure 8 online.
Interaction between Sugars and the Circadian Clock
We next investigated the interaction between the two major inputs, sugars and the circadian clock. Figure 9 reveals how the diurnal responses of circadian genes are affected by accentuated changes of sugars. Approximately half of the clockresponsive genes show similar responses in Col-0 and pgm ( Figure 9A ). Another 97 genes (26% of the total) showed a similar phase but larger amplitude in pgm ( Figure 9A ). Of these, 55 genes (clusters 2, 6, and 7) show an accentuated decrease in the light period and faster recovery in the night, and 31 (clusters 3 and 14) show a slightly accentuated increase in the light period and faster decrease in the night. A possible explanation is that clusters 2, 6, and 7 are sugar induced and clusters 3 and 14 are sugar repressed and that in pgm the amplified response to the large diurnal changes of sugars is superimposed on the circadian rhythm. To test this, we inspected how these genes respond after adding glucose to carbon-starved seedlings (see Supplemental  Table 8 online for the original data). Genes in clusters 2, 6, 7, 11, and 13 are strongly, moderately, and weakly repressed by glucose, and genes in clusters 14 and 3 are strongly and weakly induced by glucose (see box plot in Figure 9B ). These results indicate that for approximately one-quarter of circadianregulated genes, the diurnal changes of sugars in a light/dark cycle reinforce the circadian regulation.
A few genes showed a phase shift of 4 (six genes in cluster 13) or 12 h (five genes in cluster 20) in pgm ( Figure 9A ). Figure 10 provides further evidence that sugars modify the phase of a subset of the clock-regulated genes. Figure 10A compares the time at which 373 circadian-regulated genes peak in a free-running circadian cycle (Harmer et al., 2000) and a diurnal light/dark cycle in Col-0. In a free-running cycle, the highest frequency is after 8 and 20 h (i.e., 8 h into the subjective light period and 8 h into the subjective dark period). In a light/dark cycle, the highest frequency is at the end of the night (see also Figure 3A , which shows a similar response for all 13,690 genes). Figure 10B shows how the phase of the genes that peak at 8 and 20 h in a free-running cycle is modified in a light/dark cycle (most of the genes that peak at the other four time points in a light/dark cycle peak at the same time or with only a 4-h shift in a free-running circadian cycle; see Supplemental Figure 6 online). The y axis in these plots shows the response to glucose addition. Many genes that peak at 8 h in a free-running cycle are repressed by glucose and peak toward the end of the night in a light/dark cycle. Many of the genes that peak at 20 h in a free-running cycle are induced by glucose and peak in or at the end of the light period in a light/dark cycle. In total, 24% of the clock-regulated genes show a phase shift of 8 to 12 h between a free-running and a light/ dark cycle, which is probably due to diurnal changes of sugar counteracting the input from the circadian clock.
Identification of Genes Potentially Involved in Sugar-Dependent Changes of Gene Expression in the Diurnal Cycle
The data sets generated in this article were mined to identify candidate genes that may participate in signaling processes triggered by physiological changes of sugars under nonstressful growth conditions. Genes were short listed whose transcript levels show (1) more than twofold changes after glucose addition, (2) a similar more than twofold change in response to carbon fixation, (3) a large diurnal change in Col-0 that is accentuated in pgm, and (4) a qualitatively consistent response in an extended night . These were further inspected to exclude genes where timing of the diurnal changes is inconsistent with that predicted from the diurnal changes of sugars and the impact of sugars on expression. Genes that fulfilled these criteria and whose TIGR5 annotations and MapMan functional categories indicate a role in signaling are listed in Supplemental Table 13 online.
This analysis identified 29 known or putative transcription factors from a wide range of families and several protein kinases, including receptor kinases, a mitogen-activated protein kinase, and a putative AMP-regulated protein kinase (AKINb1). Some were induced and others were repressed by sugars. One of the sugar-repressed transcription factors (ZAT10) has been implicated as a functional homolog of yeast (Saccharomyces cerevisiae) SNF4 (Kleinow et al., 2000) , which lies downstream of SNF1 in yeast. The receptor-like protein kinase ATR1/MYB34, which is sugar induced and peaks during the day, has been implicated as a key homeostatic regulator of Trp and indolic glucosinolate metabolism (Celenza et al., 2005) . AKINb1 belongs to the SNF1-related protein kinases, which are implicated in sugar signaling in yeast and in plants phosphorylate enzymes including HMG-CoA reductase, nitrate reductase, and sucrose phosphate synthase (Sugden et al., 1999) .
A set of sugar-repressed genes involved in ubiquitindependent protein degradation rose toward the end of the night, including ubiquitin-conjugating enzyme UBC17, five F-box proteins that are components of E3 ligases, and two BTB/POZ proteins that assemble with cullins to form E3 ligases (Gingerich et al., 2005) . These results indicate that incipient sugar depletion triggers a reprogramming of targeted protein degradation. Another sugar-regulated gene whose expression rose toward the end of the night was autophagy protein 8e, a member of a gene family that plays a key role in the assembly of autophagosomes for nontargeted protein degradation (Thompson and Vierstra, 2005) . APG8 is activated by the ATP-conjugating enzyme AGP7. It has previously been shown that APG7 and APG8 transcripts rise during senescence and that apg7 mutants show early senescence (Doelling et al., 2002) .
A set of sugar-induced genes involved or implicated in DNA, RNA, and protein synthesis are induced during the day, indicating that falling sugars repress these processes during the night. Candidates include two DNA licensing factors, two histone deacetylases, nucleolus organizers (two transducins and NOP56; Calikowski et al., 2003) , a DNA-dependent RNA polymerase I, genes involved in RNA processing, including FIB2 (Saez-Vasquez et al., 2004) , ribosome organizers (two brix domain-containing proteins; Eisenhaber et al., 2001) , elongation factor 1B a-subunit 1, CNX1, and several chaperonins.
DISCUSSION
A Large Proportion of the Genes That Are Expressed in Rosettes Show Diurnal Changes of Their Transcript Levels
Between 30 and 50% of the genes expressed in rosettes undergo reproducible diurnal changes of their transcript levels in Arabidopsis wild-type plants growing in a 12-h-light/12-h-dark cycle with an ample supply of nutrients and water. The amplitude varied from small to >100-fold, with ;44, 18, and 4% of expressed genes having a maximum >50, >100, and >300% above the minimum. In a study with a 7.8K array, Schaffer et al. (2001) reported that 11% of genes show diurnal changes in expression. The larger number found in our experiments may reflect the higher quality of the ATH1 array and the use of more time points and biological triplicates.
Diurnal changes are especially frequent and large for genes assigned to sucrose and starch metabolism, nutrient acquisition and assimilation, and redox regulation. However, almost all functional areas contain genes with marked diurnal changes of expression. The most frequent time for the maximum is the end of the night, followed by the end of the day. Relatively few genes peak during the day and even less during the night. This differs from a free-running circadian cycle, where most genes peak during the subjective day or night (Harmer et al., 2000 ; see below for further discussion).
Many genes that are known to be induced by low sugar peak at the end of the night, indicating that carbohydrate levels decline to critical levels by the end of the night. Genes involved in photosynthesis tend to peak at the end of the night or start of the day, nitrate and sulfate assimilation at the end of the night, and genes involved in the synthesis of sucrose and organic acids toward the end of the day. However, genes assigned to a particular metabolic function often show diverging diurnal responses (see also Smith et al., 2004) . This may be because annotations based on sequence indicate a general function rather than the precise role. Interestingly, transcripts for genes required for cell division, chromosome replication, and DNA, RNA, and protein synthesis peak toward the end of the day, whereas a set of genes that may be involved in expansion growth peak at the end of the night. This is accompanied by reciprocal changes of genes assigned to auxin and cytokinin sensing, which peak at the end of the night, and ABA synthesis and sensing, which peak during the day. This might speculatively be linked to changes in water deficit (see Introduction). It is also striking that a set of sugar-regulated genes involved in targeted and general protein degradation are induced toward the end of the night.
The Major Inputs of the Diurnal Regulation of Gene Expression Are from Sugars and the Circadian Clock
As outlined in the Introduction, changes of irradiance drive complex diurnal changes of sugars, nitrogen metabolites, and leaf water status. Published and in-house expression profiles were inspected to identify sets of diagnostic genes whose expression is markedly altered by each of these inputs. Comparison of the diurnal changes of the transcripts and the corresponding input indicated that sugars make a major contribution to the diurnal changes of gene expression, while light, nitrogen metabolites, and water deficit may make smaller contributions. For sugars, similar results were obtained when diagnostic genes were identified from experiments in which sugars were added to seedlings, and physiological treatments were used to generate changes of endogenous sugar levels in rosettes. This underscores the robustness of the approach. To assess the contribution of circadian regulation, a subset of 373 genes was identified from an 7.8K expression profile (Harmer et al., 2000) . Most underwent marked diurnal changes in Col-0, identifying circadian regulation as a second major input to the diurnal regulation of expression in a light/dark cycle.
The Contribution of Different Inputs in Multifactorial Interactions Can Be Visualized by Displaying Weightings of Genes in Principle Components
The same data set was analyzed using a second approach, which provides a compact visualization of the relative importance of different inputs in a multifactorial situation without prior assumptions about the timing of the inputs. Principle component analysis was used to separate samples harvested at different times of the diurnal cycle. The weightings of genes in the principle components were then inspected to discover if genes that are induced and repressed by a given input have high and opposite weightings in one of the principle components. By inspecting the principle component plot, it is also possible to check if this component separates samples according to the expected intensity of the input.
This approach confirmed that the global changes of expression in Col-0 reflect a balance between sugars and circadian regulation, while light, nitrogen, and water deficit make a much smaller contribution. Most glucose-induced and -repressed genes had high and opposite weightings in the first component, as did most carbon fixation-induced and -repressed genes, but only a small proportion of genes that are induced or repressed by light, nitrogen, or water deficit. Many circadian-regulated genes also separated in accordance with their responses in a freerunning cycle. The separation of samples in the first component was in good agreement with the levels of sugars at the time of harvest. Many circadian-regulated genes and some light-induced and -repressed genes had high and opposite weightings in the second component.
Genetic Evidence for a Major Role for Sugars in the Diurnal Regulation of Gene Expression
The starchless pgm mutant lacks the buffering effect of diurnal starch turnover (see Introduction) and experiences much larger diurnal changes of sugars than Col-0. These are accompanied by amplified diurnal changes of transcripts for thousands of genes. Almost every diagnostic gene identified by correlative evidence as responding to changes of sugars during the diurnal cycle in Col-0 showed a qualitatively similar but quantitatively amplified 20 of 25
The Plant Cell diurnal change in pgm. This provides strong evidence that expression of these genes is responding to diurnal changes of sugars. A further set of genes that did not show diurnal changes in Col-0 showed diurnal changes in pgm. This is consistent with them responding when sugars move outside the range found during the diurnal cycle in wild-type plants.
When an expanded data set including samples from pgm was subjected to principle component analysis, the weightings of the diagnostic sugar-induced and -repressed genes separated even more clearly in the first component. Genes that are induced and repressed by light, nitrogen metabolites, and water deficits were not separated or were only separated in the second component. This analysis confirms that diurnal changes of sugars play the dominant role when the buffering effect of transitory starch accumulation is absent, displacing other inputs into a secondary role.
Expression Responds More Sensitively to Low Than to High Sugars during the Diurnal Cycle
Our analysis of diurnal changes of gene expression underscores the importance of sugar regulation for the daily orchestration of metabolism and physiology. Responses to sugars have been divided into feast and famine programs, reflecting responses to excessive sugar and to sugar starvation (Koch, 1996) . There has been considerable interest in the genetic and molecular analysis of responses to high sugar (Gibson, 2005; Rolland and Sheen, 2005) . Comparison of the diurnal changes in Col-0 and pgm allows us to assess the global impact on expression when endogenous sugar levels temporarily rise above or fall below the range found in a normal diurnal cycle.
At night, when pgm has lower levels of sugars than Col-0, there are large changes of transcript levels for thousands of genes. At a gene-to-gene level, the changes match those predicted from the response to low sugar. In the light, when pgm has much higher levels of sugars than wild-type plants, the global changes of transcript levels are rather small and do not match those predicted from the sugar responsiveness of individual genes. The average transcript level across the entire diurnal cycle also matched the response predicted from the response of the gene to low, not high, sugar. These results show that global gene expression is rapidly and strongly modified when endogenous sugar levels fall to low levels but is not widely affected when sugars exceed the levels found in a wild-type diurnal cycle. A small group of genes, which are highly sensitive to repression by sugars, was more strongly repressed in pgm than Col-0 in the light.
A short period of sugar starvation triggers a rapid inhibition of growth, which is not immediately reverted when carbon becomes available again (Gibon et al., 2004a) . Within hours, carbon depletion triggers a widespread reprogramming of expression affecting hundreds of genes involved in carbohydrate production and utilization (Contento et al., 2004; Thimm et al., 2004) . The results in this article show that many sugar-regulated genes start to respond to falling sugars toward the end of the night in wild-type plants, even in an undisturbed diurnal cycle. This response anticipates the massive changes in the starchless pgm mutant (see above) or after a short extension of the night . There is an interesting contrast between the sensitivity, speed, and breadth of the response of gene expression to low sugar and the more limited response to high sugar. A period of high sugar is probably much less stressful for a plant than a period of low sugar. Similarly, a period of darkness is not a stress, providing the carbohydrate supply is maintained until the plant is reilluminated. In agreement, light per se makes a relatively small contribution to the changes of expression during a diurnal cycle.
Interactions between Sugar and Circadian Regulation
The data were analyzed to reveal how the two major inputs, sugars and circadian regulation, interact during the diurnal cycle. Approximately half of the circadian-regulated genes showed a very similar response in Col-0 and pgm. This shows that the clock is unaffected by a major disruption of carbon metabolism, in which sugars are exhausted 6 to 8 h earlier in the 24-h cycle. An analogous shortening of the light regime would have led to a marked shortening of the clock period (Harmer et al., 2001) .
Sugars do, however, interact with clock output pathways. Approximately one-quarter of the circadian-regulated genes show quantitative changes of their diurnal response (i.e., increased amplitude without a change of phase), which are consistent with a quasi-additive interaction between sugars and circadian regulation. Another one-quarter of the circadianregulated genes show a qualitatively different response in a light/ dark cycle compared with published data for their response in a free-running cycle (viz a marked shift of 8 to 12 h in the timing of the maximum). Intriguingly, expression of many of these genes responds to sugar, and the phase shift matches that expected if the diurnal changes of sugar in a 12-h-light/12-h-dark cycle override circadian regulation. More research is needed to understand the biological significance of this interaction. Two possibilities are that daylength modulates the response to changes in sugar levels or that this interaction allows a more sensitive response when changes in the growth conditions lead to a change in the diurnal responses of sugars.
Biological Significance of Diurnal Changes of Transcripts
Diurnal changes of transcripts provide information about the changing output of networks that regulate gene transcription. If the transcription of a gene is regulated by a particular input, and this input changes during the diurnal cycle, the corresponding transcript will exhibit diurnal changes. However, these changes do not necessarily have a direct impact on biological processes. This will require changes in the level of the encoded protein and will depend on the rate of protein synthesis and turnover.
Diurnal changes of transcripts are followed by changes in the levels of many proteins that are closely related to clock function, such as CCA1, LHY, TOC1, and ELF3 (Wang and Tobin, 1998; Kim et al., 2003; Mas et al., 2003) , proteins that mediate clockdependent responses to the photoperiod, such as CCR2/ ATGRP7 (Heintzen et al., 1997) or CONSTANS (Hayama and Coupland, 2003) , and some genes in metabolism, for example, NIA (Scheible et al., 1997b; Gibon et al., 2004b Ferrario et al., 1995) , emphasizing the critical contribution of posttranscriptional and transcriptional regulation. In other cases, diurnal changes of transcripts do not lead to diurnal changes of the encoded protein. A set of 23 enzymes in central carbon and nitrogen metabolism showed marked changes of transcripts but smaller and slower changes of activity, both in the diurnal cycle and after transfer to continuous darkness (Gibon et al., 2004b) . Large diurnal changes of transcripts encoding enzymes involved in starch breakdown are not accompanied by marked changes of the encoded proteins (Smith et al., 2004; Lu et al., 2005) . For such genes, diurnal changes of transcription will not modulate fluxes or other biological processes within the same 24-h cycle. This is not necessary if the encoded protein or other proteins in the pathway are allosterically or posttranslationally regulated. Changes of protein might even be counterproductive: they would waste energy, and the protein level would be inappropriately adjusted to the previous rather than the momentary situation. Rather, diurnal changes in the level of thousands of transcripts may allow various external and internal inputs to be sensed in a recurrent and integrative manner, resulting in gradual changes in the levels of the slowly turning-over proteins if a modified response is sustained over several days (Gibon et al., 2004b) .
The results in this article highlight the importance of the response to falling sugars at the end of the night. Functional analysis of genes and proteins that show an early and strong response to falling sugars could reveal how carbohydrate formation and utilization is balanced. By combining the large and independent data sets generated in this study, it was possible to identify a robust set of candidate regulatory genes, which undergo large diurnal changes of expression that were very likely to be triggered by endogenous changes of sugars. These included many putative transcription factors, protein kinases, genes involved in the regulation of DNA, RNA, and protein synthesis, and components of the ubiquitin-dependent pathway that will facilitate the targeted degradation of specific proteins as well as components for nontargeted protein degradation.
METHODS
Plant Growth
Arabidopis thaliana ecotype Col-0 and pgm (Col-0 background) were grown on soil in 12 h light/12 h dark at a light intensity of 130 mmol/m 2 s for 5 weeks, at which time flowering had not commenced. Plants were harvested by transferring rosettes into liquid nitrogen under ambient irradiance. Typically, five replicate samples, each containing three rosettes, were collected 4, 8, and 12 h into the light period and 4, 8, and 12 h into the night. Three independent biological experiments were performed at 2-month intervals for wild-type Col-0. For pgm, biological replicates were obtained for the end of the day and end of the night and single samples after 4 and 8 h of light and 4 and 8 h of dark. Arabidopsis seedlings were grown in liquid culture as described by Scheible et al. (2004) . Treatments to alter the nitrogen supply were exactly as described by Scheible et al. (2004) . Treatments to alter sugars were performed in a similar manner, expect that in this case the seedlings were transferred on day 7 to medium from which sucrose was omitted, and on day 9 the seedlings were provided with 15 mM glucose or 15 mM sucrose and harvested 3 h later. By day 9, sugar and starch levels had fallen to low levels (data not shown). To identify water deficit-responsive genes, seedlings were provided with 100 mM mannitol for 3 h. This concentration does not plasmolyze the seedlings (data not shown).
Extraction and Assay of Metabolites
Sucrose, glucose, and fructose were determined in ethanol extracts as described by Geigenberger et al. (1996) , starch as described by Hendriks et al. (2003) , glucose-6-phosphate as described by Gibon et al. (2002) , and nitrate according to the nitrate determination kit of Roche Diagnostics (number 1746081). Assays were prepared in 96-well microplates using a Multiprobe II pipetting robot (Perkin-Elmer). The absorbance was read at 340 nm or at 570 nm in a Synergy or an ELX-800-UV microplate reader (Bio-Tek Instruments).
RNA Isolation and Expression Analysis with 22K Affymetrix Arrays
Isolation of total RNA, cDNA synthesis, cRNA labeling, and the hybridization on the GeneChip Arabidopsis ATH1 genome array was done as described by Scheible et al. (2004) and Thimm et al. (2004) and recommended by the manufacturer (part number 900385; Affymetrix UK). The microarray suite software package (MAS 5.0; Affymetrix) was used to evaluate probe set signals of the array. The generated data files (CEL) were the input for the software package RMAExpress to normalize and estimate signal intensities (Bolstad et al., 2003) . This data set was reduced from 22,746 to 13,690 probe sets for the wild-type diurnal cycle, which were called present at least once in each of the three biological replicated sets of six time points. For the pgm data set, 16,552 probe sets passed this filter.
Functional Categories and Gene Classification
The display and gene classifications are based on MapMan ; http://gabi.rzpd.de/projects/MapMan/, version 1.4.3, mapping file version 5.01).
Statistical Analysis
Standard operations, including the calculation of amplitudes, regression plots, and correlation coefficients, were performed in Microsoft Excel. Tables for assigning Affymetrix probe set identifiers to Arabidopsis Genome Initiative codes were obtained from The Arabidopsis Information Resource (http://www.arabidopsis.org). Table associations were done with Microsoft Access.
Three biological replicates were performed for all time points in the diurnal cycle in Col-0, and the data were statistically analyzed using three different approaches. The first compared the individual values at the times when transcripts for a given gene were at their maximum and minimum, using a t test of log 2 -scaled values under FDR control (Benjamini and Hochberg, 1995) . Of the 13,690 genes called present, 8680, 3308, and 1619 genes showed significant changes at FDR-controlled P-values of <0.05, <0.01, and <0.005 (see Supplemental Table 1 online). This approach uses the two most divergent of a large number of pair-wise comparisons. The second approach used experiment-wise correlation of the time series to assess reproducibility across all six time points. For each gene, Pearson correlation coefficients were calculated from three pair-wise plots of the six signals and then averaged (see Supplemental Table 1 online). The correlation coefficient was high for almost every gene that had a high maximum/minimum log ratio. The coefficient varied from ÿ0.5 to þ0.9 for genes with a low maximum/ minimum log ratio (see Supplemental Figure 1 online). As random noise should generate a similar distribution of negative and positive correlation coefficients, >þ0.5 was taken as a cutoff. This threshold was exceeded by 6755 of 7591 genes whose maximum/minimum log ratio was >0.5 and by 2647 of the 6199 genes that had a smaller maximum/minimum log ratio. The
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The Plant Cell third approach used an average periodogram and FDR-controlled P-values for detecting significant sinusoidal gene activity calculated using the software package GeneTS (Wichert et al., 2004) implemented in the R software environment for statistical computing (R version 1.9; http://www. r-project.org/) running on a Microsoft Windows 2000 computer system. The average periodogram and P-values for periodic gene expression in wild-type Arabidopsis are listed in Supplemental Figure 1 and Supplemental Table 1 online. With FDR-controlled P-values of 0.05 or 0.1 as filters, 4596 and 6104 genes were classified as showing a diurnal change. This may be an underestimate because GeneTS will not recognize nonsinusoidal changes and noise will mask small changes. When genes identified with GeneTS were compared with those that passed the primary filter (correlation coefficient >0.5), GeneTS identified 84 to 94% of the genes where the secondary filter for the amplitude [log 2 (maximum/minimum)] was >1 but less if the amplitude was smaller. Two biological replicates were performed for the end of the night and end of the day for pgm, which correspond to the times when the vast majority of genes in this mutant show their diurnal maximum or minimum. The evaluation of which genes show an amplitude of the diurnal change was based on replicated results in both experiments. All experiments to define sets of the 400 genes that respond most strongly to different challenges were also performed in duplicate, and all selected genes responded in both replicates.
K-means clustering with euclidean distance and principle component analysis of variance were performed with the software tool TIGR MeV (Saeed et al., 2003 ; http://www.tigr.org/software/tm4/mev.html) after mean scaling and log 2 transformation. For small gene sets, the figure of merit was visually inspected to obtain the point where more clusters do not significantly contribute to gene separation and to avoid the use of too many clusters. For each gene, clustering was performed on the average values (for Col-0, the average of three biological replicates, for pgm, the average of duplicates at the end of the night and the end of the day, and single determinations at the other four time points) at each of the six times during the diurnal cycle, normalized to the average level in the diurnal cycle.
Accession Numbers
The raw data of the transcript profiles described in Methods were deposited in the public Gene Expression Omnibus repository (http:// www.ncbi.nlm.nih.gov/geo) under the accession codes GSE3416 (Col-0 wild-type diurnal rhythm), GSE3424 (Col-0 pgm mutant diurnal rhythm), and GSE3423 (Col-0 carbon fixation and light regulation experiment).
Supplemental Data
The following materials are available in the online version of this article. Table 12 . Shared Genes in Diagnostic Sets.
Supplemental
Supplemental Table 13 . Specific Sugar-Regulated Genes Involved in Signaling.
Supplemental Figure 1 . Supporting Material to the Statistical Analysis in Table 1 
